Cell-extracellular matrix interactions play crucial roles in limb muscle development but practically nothing is known on what integrins are involved before the differentiation of muscle precursor cells (MPCs) in the limb muscle masses. In this study we determine the expression patterns of integrins during early forelimb muscle development in the mouse. a6b1 integrin is downregulated in the lateral dermomyotome when delamination of MPCs occurs. In late E9.5 embryos, a1b1 and a5b1 are expressed in a pattern very similar to pax3, which marks MPCs migrating to the limb bud. After myf5 upregulation in the limb bud, a1b1 and a5b1 expression is maintained and the a4b1 integrin starts being expressed. q
Results and discussion
Limb muscle precursor cells (MPCs) are derived from the ventro-lateral edge of limb-level dermomyotomes. MPCs express pax3, known to induce expression of the c-met receptor which signals in response to scatter factor/hepatocyte growth factor (SF/HGF) secreted by the limb mesenchyme, resulting in MPC scattering at limb level (Bladt et al., 1995; Epstein et al., 1996; Dietrich et al., 1999) . In the forelimb, delamination occurs between 24 and 33 somite stage (Houzelstein et al., 1999) . The maintenance of MPC motility requires SF/HGF (Scaal et al., 1999) while the orientation into proper migration routes depends partially on Lbx1 (Brohmann et al., 2000; Gross et al., 2000) . In the limb bud, MPCs proliferate, form dorsal and ventral muscle masses and initiate differentiation into skeletal muscle (Buckingham et al., 1992) .
Integrins are heterodimeric transmembrane receptors composed of non-covalently bound a-and b-subunits. They bind extracellular matrix molecules and transmit signals to inside the cell, affecting cell proliferation, differentiation and migration (Hynes, 1992) . Several studies have addressed the expression and function of integrins during skeletal muscle development, but information on early stages in vivo is missing (reviewed in Gullberg et al., 1998) . Antibodies against the b1 integrin subunit inhibited MPC migration in chick embryos (Jaffredo et al., 1988) . However, in chimeras for b1-null and wild-type cells, b1-null MPCs migrate to limb buds (Fässler and Meyer, 1995) , but the low percentage of chimerism used in those experiments could have allowed the adhesion (e.g. via N-cadherin; Brand-Saberi et al., 1996) of b1-null cells to wild type cells and their passive transport to the limb (Fässler et al., 1996) .
To determine whether b1 integrins are present in the earliest phases of limb muscle development in the mouse, we used in situ hybridisation to detect the expression pattern of a1, a4, a5 and a6 subunits. a1, a4, and a5 pair exclusively with b1 (Hynes, 1992) , while a6 also pairs with b4, but only later in development (Thorsteinsdóttir et al., 1995) . Furthermore, these a subunits are all known to be present in somites and/or in limb muscle masses (Duband et al., 1992; Thorsteinsdóttir et al., 1995; Gullberg et al., 1998) , making them good candidates to be involved in the early stages of limb muscle development. In contrast, the most prominently expressed a subunit in adult skeletal muscle, the a7 subunit, is only upregulated in limb muscle around E13 (Velling et al., 1996; Brancaccio et al., 1998) .
Before MPC delamination, the a6 integrin subunit is expressed in epithelial somites and in dermomyotome at all axial levels. By the 26 somite stage, the lateral one third of forelimb dermomyotomes is negative for a6 (compare Fig. 1D with 1B,C,E) while, at the same stage, pax3 expression is still present in the whole epithelial dermomyotome and in MPCs undergoing delamination (Fig. 2D ). The a1, a4 and a5 integrin subunits were never detected in the dermomyotome (not shown). After the initiation of delamination, the a1 integrin subunit is detected in the forelimb bud ( Fig. 2A) in a pattern very similar to pax3 (Fig. 2B ). The expression of a5 (Fig. 2C ) is more widespread than pax3 (Fig. 2D ), but areas positive for pax3 are also a5-positive. No hybridisation signal for a4 or a6 was detected on these cells (not shown).
At E10.5, MPCs in the forelimb are organised in dorsal and ventral muscle masses. Pax3 is still expressed by these cells (Fig. 3B,E,H) and some have already started expressing myf5 (Fig. 3C,F,I ). Expression of a4 (Fig. 3A) can now be detected in a pattern very similar to pax3 and myf5 (compare Fig. 3A to B,C). a1 (Fig. 3D) and a5 (Fig. 3G) are also expressed in areas where pax3 (Figs. 3E,H) and myf5 (Figs. 3F,I ) are present, although a5 is also expressed in the distal limb (Fig. 3G) . Double immunofluorescence localisation of a5 and myf5 proteins (Figs. 3J-L) confirms that the great majority of myf5-positive cells express a5 (Fig. 3L, insert) .
In summary, we found a previously undescribed dynamic expression pattern for the a6 integrin subunit in limb-level Section showing a somite at heart level, anterior to the forelimb. The expression of a6 remains in the whole dermomyotome, even though this somite is older than those at forelimb level. a6 is also strongly expressed in the myotome (C-E). Bar ¼ 100 mm. dermomyotomes. Furthermore, our results strongly suggest that a1 and a5 subunits are expressed by migrating MPCs and remain present at least until myf5 is upregulated. These data fill an important gap in the knowledge of integrin expression patterns during MPC delamination and migration (see Gullberg et al., 1998) . Finally, a4 was detected as soon as myf5 is upregulated, slightly earlier than previously reported (Rosen et al., 1992; Kil et al., 1998) .
F. Bajanca, S. Thorsteinsdóttir / Mechanisms of Development 119S (2002) S131-S134 S133 Future work should focus on the functional role of these b1 integrins in early limb muscle development and determining whether there is a link between these molecules and the numerous factors known to control MPC delamination, migration and proliferation.
Materials and methods
In situ hybridisation with digoxigenin-labeled riboprobes was performed in whole mount or over 10 mm cryostat sections essentially as described by Henrique et al. (1995) and revealed with BM Purple (Roche). Following whole mount hybridisation, embryos were embedded in hydroxyethylmethacrylate (Kulzer Histo-Technik 8100) and sectioned.
Double immunohistochemistry was performed on 10 mm cryostat sections of embryos fixed in 2% paraformaldehyde. Primary antibodies were rat anti-a5 integrin (clone BIIG-2; Developmental Studies Hybridoma Bank) and rabbit antimyf5 (Santa Cruz), while secondary antibodies were fluorescein isothiocyanate (FITC)-and tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-rat and anti-rabbit IgG, respectively (Sigma).
